Purified catabolic ornithine carbamoyltransferase of Pseudomonas putida and anabolic ornithine carbamoyltransferase (argF product) of Escherichia coli K-12 were used to prepare antisera. The two specific antisera gave heterologous cross-reactions of various intensities with bacterial catabolic ornithine carbamoyltransferases and with the anabolic enzymes of enterobacteria, but not with the anabolic ornithine carbamoyltransferases formed by Pseudomonas (17, 26, 29) . These particular properties of both enzymes might be due to divergent evolution from a common ancestor or convergence due to similar substrate requirements. Evolutionary relationships between proteins of either the same or different organisms are usually indicated by homologies between their amino acid sequences. However, * Corresponding author. when primary structures are not available, the immunological cross-reaction is a rapid screening method to unravel sequence homologies between proteins. A rigorous immunological characterization of OTCases among bacteria may thus provide much information on the evolutionary relationships between bacterial classes. To this end, we prepared antisera by using the purified anabolic OTCase product of the argF gene of Escherichia coli K-12 and the catabolic OTCase of Pseudomonas putida IRC 204 as immunizing antigens. These antisera enabled us to compare the immunological properties of anabolic and catabolic OTCases. Our data show that catabolic OTCases have many common antigenic determinants and are related immunologically to the anabolic OTCases of enterobacteria. However, both antisera fail to show any cross-reaction with the anabolic enzyme of Pseudomonas putida and with that of other bacterial genera.
Purified catabolic ornithine carbamoyltransferase of Pseudomonas putida and anabolic ornithine carbamoyltransferase (argF product) of Escherichia coli K-12 were used to prepare antisera. The two specific antisera gave heterologous cross-reactions of various intensities with bacterial catabolic ornithine carbamoyltransferases and with the anabolic enzymes of enterobacteria, but not with the anabolic ornithine carbamoyltransferases formed by Pseudomonas and representative organisms of other bacterial genera. The immunological cross-reactivity observed only between the catabolic ornithine carbamoyltransferases and the anabolic enzymes of enterobacteria suggests that these proteins share some structural similarities. Indeed, the amino acid composition of the anabolic ornithine carbamoyltransferase of E. coli K-12 (argF and argI products) closely resembles the amino acid compositions of the catabolic enzymes of Pseudomonas putida, Aeromonasformicans, Streptococcus faecalis, and Bacillus licheniformis. Comparison of the N-terminal amino acid sequence of the E. coli anabolic ornithine carbamoyltransferase with that of the A. formicans and Pseudomonas putida catabolic enzymes shows, respectively, 45 and 28% identity between the compared positions; the A. formicans sequence reveals 53% identity with the Pseudomonas putida sequence. These results favor the conclusion that anabolic ornithine carbamoyltransferases of enterobacteria and catabolic ornithine carbamoyltransferases derive from a common ancestral gene.
Anabolic ornithine carbamoyltransferase (OTCase; EC 2.1.3.3) catalyzes the transfer of the carbamoyl group from carbamoylphosphate to the 8-amino group of ornithine, forming citrulline, an intermediate in the arginine biosynthetic pathway in bacteria prototrophic for this amino acid. Catabolic OTCase catalyzes the phosphorolysis of citrulline, the reverse reaction of the anabolic transformation, giving ornithine and carbamoylphosphate, an ATP precursor in the arginine deiminase pathway. Of the bacterial enzymes in arginine metabolism, catabolic and anabolic OTCases have provided the most interesting pattern of diversity in terms of quaternary structures and regulatory properties. Most of the OTCases that can be classified as having an anabolic function are very similar in their structural features since they are all composed of three subunits of molecular weight 35,000 to 40,000 (17) . In contrast, catabolic OTCases usually show much more diverse structures since the catabolic enzymes of Bacillus licheniformis, Streptococcus faecalis, Pseudomonas putida, and Pseudomonas aeruginosa are, respectively, trimeric (17) , hexameric (21, 32) , octameric (12) , and nonameric (17, 25) , whereas those of Aeromonas formicans show trimeric, hexameric, and nonameric active structures (17) . Comparison of anabolic and catabolic OTCases from Pseudomonas spp. indicates that the unique regulatory properties of these enzymes have specifically evolved to deal with the desired physiological unidirectionality (17, 26, 29) . These particular properties of both enzymes might be due to divergent evolution from a common ancestor or convergence due to similar substrate requirements. Evolutionary relationships between proteins of either the same or different organisms are usually indicated by homologies between their amino acid sequences. However, * Corresponding author. when primary structures are not available, the immunological cross-reaction is a rapid screening method to unravel sequence homologies between proteins. A rigorous immunological characterization of OTCases among bacteria may thus provide much information on the evolutionary relationships between bacterial classes. To this end, we prepared antisera by using the purified anabolic OTCase product of the argF gene of Escherichia coli K-12 and the catabolic OTCase of Pseudomonas putida IRC 204 as immunizing antigens. These antisera enabled us to compare the immunological properties of anabolic and catabolic OTCases. Our data show that catabolic OTCases have many common antigenic determinants and are related immunologically to the anabolic OTCases of enterobacteria. However, both antisera fail to show any cross-reaction with the anabolic enzyme of Pseudomonas putida and with that of other bacterial genera.
To confirm the immunological similarity between the catabolic OTCases and the anabolic enzymes of enterobacteria, we compared the amino acid compositions of various corresponding carbamoyltransferases and the N-terminal amino acid sequences of the E. coli anabolic OTCase and the catabolic enzymes from Pseudomonas putida IRC 204 and A. formicans NCIB 9232.
MATERIALS AND METHODS
Strains. The strains used in this investigation are listed in Table 1 .
Media and growth conditions. Conditions for bacterial growth and cell-free extract preparations have been previously described (3, 22, 27 tions (12, 17, 32) . E. coli argF product was obtained from E. coli C600 (F-thi-rk-Apro lac argl) (10) cultured in a 15-liter fermentor apparatus to 1010 cells per ml (Biolafitte, Maisons-Lafitte, France). The argF product was purified according to Legrain and Stalon (16 , Xa t q Amino acid analysis. Amino acid compositions were determined with a Beckman 120C amino acid analyzer. After dialysis against distilled water and lyophilization, the samples containing 1 mg of enzyme were hydrolyzed in 6 N HCl containing 0.15% phenol in vacuo at 110°C for 24, 48, and 72 h. Tryptophan was determined after hydrolysis of the enzymes with 3 N mercaptoethanesulfonic acid (24) .
Polarity indices of the proteins were calculated according to Capaldi and Vanderkooi (5) as the mole percent of the total hydrophilic amino acid residues.
NH2-terminal sequences. Automated Edman degradations were performed with an updated 890B Beckman sequencer, using the 0.33 M Quadrol program of Hunkapiller and Hood (13) in the presence of Polybrene. Samples were extensively dialyzed against twice-distilled water, lyophilized, and applied to the sequencer cup in 0.3 ml of twice-distilled water containing 2% triethylamine. The phenylthiohydantoin amino acid derivatives were quantitatively identified by reversephase, high-pressure liquid chromatography on Lichrosorb (5 ,um) RP18 in a methanol gradient (22 to 63% [vol/vol]) in 10 mM phosphate buffer (pH 6.6).
Conformational predictive analysis was applied according to Chou and Fasman (7), with their improved set of ahelical, ,-pleated sheet, and ,-reverse turn conformation parameters (8, 9 RESULTS AND DISCUSSION Specificity of anti-anabolic OTCase of E. coli and anti-catabolic OTCase of Pseudomonas putida. Immunoprecipitation experiments were performed in which each antiserum was tested with crude, cell-free extract preparations and purified enzyme. The same amnount of each antiserum was necessary to precipitate the antigen, irrespective of its state of purification. The antibody did not appear to bind at or near the catalytic site of the homologous antigen since no inhibition of enzyme activity was observed when the amount of antiserum needed to precipitate 100% of the enzyme was incubated with the antigen for up to 3 h before the enzyme reaction was performed.
Experiments with heterologous systems. The two antisera were used to explore the immunological relationships between the E. coli anabolic OTCase or the catabolic OTCase of Pseudomonas putida and the anabolic enzymes of other strains and species (Table 2) . We concluded that the argI product of E. coli K-12 closely resembled that of argF as well as the OTCases of the other members of enterobacteria, although the Salmonella sp. enzyme appeared much more (21) . f From the data of Kalousek et al. (14) .
It is of interest to note that the antibody raised against the catabolic OTCase of Pseudomonas putida cross-reacted relatively strongly with the argF product of E. coli K-12, Klebsiella aerogenes, Proteus vulgaris, and Salmonella typhimurium, but showed very weak cross-reactivity with the argI product of E. coli K-12 as well as with OTCases from E. coli B and W. No antiserum, however, cross-reacted with the anabolic OTCases from Pseudomonas putida, Pseudomonas fluorescens, Pseudomonas mendocina, Pseudomonas aeruginosa, Pseudomonas pseudoalcaligenes, Pseudomonas syringae, Pseudomonas stutzeri, A. formicans, Bacillus licheniformis, Bacillus subtilis, Corynebacterium glutamicum, or Brevibacterium glutamicum, or from the eucaryotic organism Saccharomyces cerevisiae.
These observations are indicative of the evolutionary relatedness between the catabolic OTCases and the anabolic enzymes of enterobacteria; they further demonstrate the much greater disparity in terms of evolution between the anabolic and catabolic enzymes in the same organism and between anabolic OTCases from enterobacteria and those of other genera. These results, however, do not disprove the hypothesis that the anabolic and catabolic enzymes of Pseudomonas spp. are homologous proteins since evolutionary divergence might have caused a complete loss of antigenic determinants shared by both enzymes. There have already been a few cases in which proteins known to have homologous amino acid sequences did not show any resemblance when measured immunochemically in their native state. These results are usually interpreted as meaning that (i) the immunological properties of native proteins are due to the external surface of these molecules, and (ii) most of the residues conserved in homologous proteins are those involved in structure and function, and are rather buried in the inside (6) . The muconolactone isomerases from Acinetobacter and Pseudomonas spp. were found to be serologically remote, although they possess quite similar molecular weight and similar subunit size, and at least 13 of the 15 N-terminal amino acid residues of the proteins are identical (23) . Moreover, isofunctional enzymes in some strains of Pseudomonas spp. do not show immunological relatedness, as demonstrated by Stanier et al. (31) .
Amino acid compositions. To further investigate the possible relatedness between the catabolic OTCases and the anabolic enzymes of enterobacteria, we determined the amino acid composition of the anabolic OTCase of E. coli K-12 (argF product) and the catabolic OTCases of Pseudomonas putida IRC 204, A. formicans NCIB 9232, Bacillus licheniformis IRC 7, and Streptococcus faecalis ATCC 11700.
The amino acid compositions of the various proteins are shown in Table 3 . They are reported as the number of residues per subunit on the assumption that the subunits of each protein are identical. They share common specific features like the abundance of acidic residues (aspartic and glutamic acids), the ratio of acidic over basic residues (lysine, histidine, and arginine; between 1.5 and 2.0), and the ratio of leucine over isoleucine residues (about 2). The values of their polarity indices ( identity between E. coli and Pseudomonas putida OTCases, and 53% between the A. formicans and Pseudomonas putida sequences.
As a consequence of their observed sequence similarities (Fig. 1) [9] ), A. formicans and Pseudomonas putida catabolic OTCases (C), and E.
coli aspartate carbamoyltransferase (ATCase [9] ). The sequences are aligned to achieve maximum homology. Identical residues are '4 ,|enclosed in boxes. Residues involving a single nucleotide change from the identical residues are designated by capital letters. The 
